Replacement of damaged cells is a promising approach for treatment of age-related macular degeneration (AMD) and retinitis pigmentosa (RP); however, availability of donor tissue for transplantation remains a major obstacle. Key factors for successful engineering of a tissue include the identification of a neural cell line that is: homogeneous but can be expanded to give rise to multiple cells types; is nontumorigenic, yet capable of secreting neurotrophic factors; and is able to form three-dimensional (3D), differentiated structures. The goal of this study was to test the feasibility of tissue engineering from a multipotential human retinal cell line using a NASA-developed bioreactor. A multipotential human retinal precursor cell line was used to generate 3D structures. In addition, retinal pigment epithelium (RPE) cells were cocultured with neural cells to determine if 3D retinal structures could be generated in the bioreactor with cells grown on laminin-coated cytodex 3 beads. Cell growth, morphology, and differentiation were monitored by light and scanning electron microscopy, Western blot analysis, and analysis of glucose use and lactate production. The neuronal retinal precursor cell line cultured in a bioreactor gave rise to most retinal cell types seen in monolayer culture. They formed composite structures with cell-covered beads associated with one another in a tissue-like array. The beginning of layering and/or separation of cell types was observed. The neuronal cell types previously seen in monolayer cultures were also seen in the bioreactor. Some of the retinal cells differentiate into photoreceptors in the bioreactor with well-developed outer segment-like structures, a process that is critical for retinal function. Moreover, the neuronal cells that were generated resembled their in vivo phenotype more closely than those grown under other conditions. Outer segments were almost never seen in the monolayer cultures, even in the presence of photoreceptor-inducing growth factors such as basic fibroblast growth factor (bFGF) and transforming growth factor (TGF-α). Muller cells were occasionally seen when retinal, RPE cells were cocultured with retinal cells in the bioreactor. These have never been seen in this retinal cell line before. Cells grown in the bioreactor expressed several proteins specific for the retinal cell types: opsin, protein kinase C-α, dopamine receptor D 4 , tyrosine hydroxylase, and calbindin. 717 718 DUTT ET AL.
INTRODUCTION
for replacement of degenerated retinal tissue, but previous experimental attempts have met with only limited success (1, 14, 17, 20) , often due to the lack of available Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are the leading causes of blindness tissue (9, 28) . In animal models, graft material used to restore damaged photoreceptors has varied from normal worldwide (4, 22) . RP results primarily from photoreceptor degeneration and/or retinal pigment epithelium (RPE) embryonic rat retina (3, 26, 47, 48, 52) and adult rat retina (44), to cotransplantation of retina RPE sheets (26, 35, 44 , damage (32, 35, 39, 41) . Retinal transplantation to restore visual function together with the delivery of corrective 47). Others have performed cross-species grafts in a rabbit model and have reported survival of up to 11 months genes or growth factors to photoreceptors has been suggested as a potential therapeutic approach. In addition, when full thickness embryonic retinas were transplanted (17). Modified cells have also been employed to rescue electrical stimulation of the inner retina and grafting of various tissues have been reported as possible therapies degenerating retinal tissues (21, 30, 46) . However, the frequency of success of transplants re- (5, 8, 17, 20, 21, 23, 24) . Grafting is one promising approach mains variable and low. Even if unlimited quantities of in three dimensions with multiple layers within the framework provided is a major aspect of this system. Various fetal retinal tissues were available, they pose a variety of problems. These include cell heterogeneity, possible vi-culture systems have been compared for growth, monolayers, static matrix cultures, roller bottles, cell suspen-ral contamination, and the capacity for renewal. The ability to differentiate and secrete neurotrophic factors sion, and hollow tubes; of these, only HRB provides low shear, high density, and three-dimensional growth and necessary for survival and optimal functioning is equally problematic. Additionally, ethical issues in using human tissue assembly (18, 29, 42) . It is reported here that HRBs could prove extremely valuable in the generation of 3D fetal tissue loom high. Transplant of photoreceptors (28) from cadavers, though very promising, will pose similar structures from precursor retinal cells and could also allow coculture of various cell types. problems and the availability of human donor tissues will remain a major obstacle. Fetal tissue, though ex-MATERIALS AND METHODS tremely effective in alleviating symptoms of Parkinson's disease (51) , may not be appropriate for retinal trans-
The human retinal progenitor cell line KGLDMSM plants and no data are currently available on the suitabilwas used (11) (12) (13) 15 ) at 20-30 passages. D407 human ity of fetal retinal human transplants to generate adult retinal pigment epithelial cells (7) were used at 60-70 functional retina.
passages. Cytodex 3 (175 µm) beads were obtained from Tissue engineering provides a viable approach for an Pharmacia (Piscataway, NJ). Laminin (10 µg/ml) (Coladequate source of differentiated cells, and some success laborative Research) was used to coat the cytodex 3 beads. has been achieved in generating various tissues (skin,
In some experiments cytodex 3 beads were coated with cartilage, bone, and liver) by this method (31) . This appolylysine (Sigma Chemical, St. Louis, MO) for 1 h and proach, as a strategy to achieve organ replacement and then coated with laminin after three extensive washes in tissue repair for a variety of therapeutic needs, has been distilled water and phosphate-buffered saline (PBS). quite promising in studies of Parkinson's disease, hemo-Rotating-Wall Vessel and Control Cultures philia, damaged skin, cartilage, blood vessels, etc. (31). However, the success of a strategy for engineering neu-
The cells were cultured in Dulbecco's modified Eagle ral tissue depends on the availability of: neural precursor medium/nutrient mixture F-12 Ham (1:1) (GIBCO, Bethescells that have the capacity to expand and give rise to da, MD) and supplemented with 10% fetal bovine serum various cell types; cells that remain neurotrophic and (Hyclone Laboratories, Logan, UT), 10% serum suppleretain an identifiable marker and are amenable to modiment (JRH Biosciences, Lenexa, KS), 2 mM L-glutafication; and substrates that permit the generation of mine, 0.075% sodium bicarbonate, penicillin 100 U/ml, three-dimensional (3D) structures. and streptomycin 100 µg/ml (GIBCO). Cells were seeded The cell line used in these studies is the multipotenin the above medium as previously described (11tial human retinal (progenitor) cell line developed and 13,15) in a 55-ml bioreactor rotating-wall culture vessel characterized by us previously (11, 12, 15) . The cell line (Synthecon, Inc., Friendswood, TX). Cytodex 3 microgrows as a monolayer in contact-inhibited manner. A small carrier beads (175 µm) (Pharmacia) were introduced percentage of cells in this cell line acquire a neuron-like into the vessels at a density of 5 mg/ml and cells were phenotype on their own. Additionally, the cell line can seeded at a density of 0.5-1 × 10 5 to 1 × 10 6 cells/ml be induced to differentiate in response to differentiation-(5-10 cells/microcarrier). In coculture, the ratio of RPE inducing agents such as dibutyryl adenosine 3-5 cyclic to retinal cells was 1:3. Six to nine 10 6 transformed humonophosphate (cAMP), 12-O-tetradecanoyl phorbolman retinal cells (11,12) were cocultured with 3 × 10 6 13-acetate (TPA), etc. cAMP promotes differentiation D407, the human retinal pigment epithelial cell line (7) . into multipolar neurons, whereas, TPA induces differen-All cultures were monitored daily for pH, dissolved CO 2 tiation towards a bipolar phenotype (photoreceptors, and O 2 , and glucose utilization and were refed accordbipolars). Basic fibroblast growth factor (bFGF) and ingly. The feeding of stationary control cultures was transforming growth factor-α (TGF-α) promote differmatched to that required by the bioreactor vessel culentiation towards a photoreceptor phenotype (15).
tures. Control stirrer cultures and adherent monolayer In this study, the multipotential human retinal cell cultures were incubated under the same conditions. Vesline was cultured in a NASA-developed, horizontally sel rotation was initiated at 4-5 rpm and increased to 10 rotating bioreactor (HRB). This system was initially derpm as required to maintain cells in suspension. veloped to simulate some aspects of microgravity; how-Determination of Cell Growth ever, it has also proven valuable in the growth of both normal and cancerous cells (2, 10, 16, 25, 34, 36, 42, 43) . The
To determine cell growth and viability, samples were drawn from the bioreactor and stirrer cultures prior to system allows interaction between similar and dissimilar cell types and promotes spatial interaction between cell feeding. Cells were detached from the beads using 0.25% trypsin (w/v) and 0.1% EDTA (w/v). The cell/bead mix-types (18, 19, 45) . Growth of anchorage-dependent cells ture was centrifuged at 200-300 rpm to remove the ton, PA) in 0.1 M cacodylate buffer, pH 7.4, for 2 h. Samples were then rinsed twice in the same buffer and beads. A viable cell number was determined by trypan blue exclusion and cell counts were determined by use fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.4, for 1 h. After rinsing several times with water, of a hemocytometer and Coulter counter. Three sets of counts from a single sample drawn on each day were the samples were dehydrated in a graded ethanol series and kept in 100% ethanol for critical-point drying using averaged and the experiments were repeated four times. No standard error bars ( Fig. 2 ) are drawn as the three a Samdri-780A (Tousimis Research, Rockville, MD), after which they were mounted on stubs and sputter-set of counts were from the same sample and as such there was very little variability. coated with gold-palladium for 2 min at 15 mA. The samples were then examined using a Joel Scanning Mi-Determination of Glucose Utilization croscope JSM 820. and Lactate Production Western Blot Analysis Media (samples) removed from cultures were put into At appropriate times, cells attached to microcarrier tubes and placed on ice. The samples were presented to beads from bioreactor culture and monolayer culture the probe of the NOVA biomedical analyzer; after the were washed three times in cold PBS. Cells were lysed sample was positioned, the analyzer was activated. The in lysis buffer (50 mM Tris, pH7.4, 150 mM NaCl, 1 pump turns, pulling the sample through the probe, S-mM DTT, 0.5% Triton X-100, 0.2 mM AEBSF, 0.5 mM line, sample preheater, and flow cell. The probe autobenzamidine, 2 µg/ml aprotinin, 2 µg/ml chymostatin, matically withdraws and the results of the analysis are 0.5 mM leupetin, 5 mg/ml pepstatin A, and 0.25 mg/ displayed on the computer screen.
ml soybean tyrosine inhibitor). The resulting supernatant Glucose utilization was determined as follows. The was used for Western blot analysis. Whole-cell extracts glucose utilization graph represented the amount of glucontaining 50 µg proteins were separated by electrophocose at day 0 minus glucose at a specific day (for examresis on 10% SDS polyacrylamide gels and electrophople day 10) divided by the number of cells. Therefore, retically transferred to a polyvinylidene difluoride (PVDF) the result at day 10 for cells in the spinner flask was: membrane (Immobilon P; Millipore Corp., CA) in Tris-375 mg/dl glucose (day 0) − 125 mg/dl glucose (day 10) ÷ glycine buffer containing methanol and SDS. The non-100 (# cells) = 2.5. Result at day 10 for cells in the biospecific binding sites were blocked by immersing the reactor was: 375 mg/dl glucose (day 0) − 275 mg/dl glumembrane in 5% (w/v) nonfat dry milk in TBS-T (25 cose (day 10) ÷ 40 (# cells) = 2.5.
mM Tris-HCl, pH 7.6, 150 mM NaCl, and 0.05% Immunocytochemistry Tween-20) for 2 h at room temperature on an orbital shaker. Membranes were rinsed with two changes of Cell aggregates at various time points were fixed washing buffer. The membranes were reacted with spewith either acetone at −20°C for 20 min or 2% ice-cold cific primary antibodies to determine the presence of paraformaldehyde in PBS for 20-60 min. To block nonspecific retinal proteins. The antibody for opsin detecspecific binding to antibodies, cell aggregates were tion was ID4 (against the carboxy terminal of rhodopsin) preincubated with nonspecific antisera for 2 h. Cell agand was generously shared by R. Molday and L. Molgregates were incubated with primary antibodies against day. Antibodies for tyrosine hydroxylase, D 4 receptor neuron-specific enolase (NSE), glial fibrillary acidic protein, calbindin, and protein kinase C-α (PKC-α) were protein (GFAP), and neurofilament (NF) protein (200 procured from Chemicon Inc. (Tamecula, CA) and the kDa). These three antibodies were from Boehringer antibody for neuron specific enolase was from Zymed Mannheim (Indianapolis, IN). Opsin antibody (Rho 4D, Corporation (San Francisco, CA). After reaction of the ID4) was generously shared by L. and R. Molday (Demembranes with appropriate primary antibodies, the partment of Biochemistry, British Columbia, Vancoumembranes were reacted with horseradish peroxidasever, BC) (38) and another opsin antibody was shared by conjugated appropriate secondary antibodies. Detection P. Hargrave (Univ. of Florida, Gainesville). Incubation was done with chemiluminescent substrates and x-ray with the primary antibody was for 1-4 h followed by film exposure. reaction with the appropriate fluorescent secondary antibodies. In each experiment, appropriate controls were RESULTS included, omitting primary antibody in one sample and Description of Retinal Cell Line Used in These Studies omitting secondary antibody in the second set.
A human retinal cell line was established from a first Scanning Electron Microscopy trimester, spontaneously aborted fetus by SV-40T DNA transfection (11,12,15). The cell line has been cloned Aggregates from stirrer or bioreactor cultures were fixed in 2.5% glutaraldehyde (Polyscience, Warrington, and subcloned and grows as a monolayer in a contactinhibited manner. It is nontumorigenic and serum depen-PA), 3% paraformaldehyde (EM Science, Fort Washing-dent. The doubling time varies from 16 to 24 h. The processes are possible ganglion cells. Neurons with small cell bodies and two long, thin neuritic processes culture is composed of a monolayer of flat precursor cells overlaid with neurons ( Fig. 1 , arrows point to neu-are possibly bipolar cells. Rods with one short and one long neuritic process, cones with one short neuritic pro-ronal cells and arrowheads point to precursors). A small percentage of cells in this line differentiate in serum-cess, and cells resembling amacrine and horizontal cell phenotype are also seen. Immunocytochemistry con-containing medium to give rise to the neuronal phenotypes in the retina. The phenotype of all the neurons firms the phenotype of most of the neurons identified morphologically as already reported (12,13). Differenti-present in adult retina is replicated in these cultures (11, 12) . Neurons with large cell bodies and multiple ation can be induced in the cell line by exposure to cAMP, which promoted all the precursors to differentiate into multipolar neurons under serum-free conditions. Exposure to TPA promoted a bipolar, rod photoreceptor phenotype (12), while exposure to bFGF and TGF-α enhanced the photoreceptor-like phenotype (15) . Although this cell line is multipotential, expression of a glial phenotype or glial antigens has never been seen, suggesting that there is a limit to the multipotential nature of these cells. The RPE cell line used in this study has been described previously (7) .
Growth Kinetics and Metabolic Studies of Cells
Retinal cells were grown in the bioreactor attached to the laminin-coated cytodex beads. Parallel stirrer and monolayer cultures were started at the same cell density. All three culture sets (bioreactor, stirrer, and monolayer) were fed daily. The monolayer cultures were terminated, as they were overgrown by day 3. Much higher cell densities were reached in stirrer versus HRB cultures ( Fig.  2A ). However, pH levels, glucose consumption (Fig.  2B) , and the production of lactate levels (Fig. 2C ) were similar in both stirrer and HRB cultures, pointing to optimal O 2 content and access to nutrients.
Glucose Utilization
The glucose utilization graph represents the amount of glucose at day 0 minus glucose at a specific day (e.g., day 10) divided by the number of cells. Therefore, the result at day 10 for cells that were in the spinner flask as well as in the bioreactor was 2.5.
The viability of cells between day 1 and day 18 in the HRB cultures was greater than 90% and in the stirrer cultures between 80% and 90% as judged by trypan exclusion. Results were very similar in four different sets of experiments.
Phenotype of the Cells Grown in the HRB
Observation of the morphology of the retinal cells grown in the HRB from days 1 to 13 indicated that some beads were totally covered with cells while some between the beads resulted in tissue-like structures and the elimination of beads from the tissue mass. Cell aggregates of 20-100 beads were formed, reaching the dimension of several hundred microns visible to the naked eye. ure 3A, all the cells show a neuronal phenotype with a large cell body and multiple processes. One cell shown Our data on cell density versus growth and differentiation are similar to those on the monolayer culture. At in Figure 3B is possibly a photoreceptor with two axons (arrows), and a well-rounded cell with a single axon (ar-lower cell densities (1 × 10 5 cells/ml) on day 3, a higher number of cells acquired a neuronal phenotype. In Fig-rowhead) is a possible ganglion cell. Several neurons in the process of differentiation are shown in Figure 3C segments. Figure 5C and D shows large multilayer structures formed around individual beads between days 14 (arrows) while Figure 3D -F depicts multipolar neurons (arrowheads) and differentiated neurons that are possible and 18 in the HRB. In Figure 5A and B, arrows indicate structures developed around the beads (area in brackets) photoreceptors (arrows, note bipolar polarized appearance). At higher densities (1 × 10 6 cells/ml), the cells with as the latter were being pushed out. Figure 5C and D represents multilayered tissue built around the beads neuronal phenotype are proportionately reduced. Retinal cells grown in the bioreactor aggregated to form multi-with photoreceptors aligned at the periphery (arrows). However, we cannot rule out that layering might have ple cell-coated beads. In addition, cellular aggregates without beads formed 3D structures in suspension (Figs. been just cells separating. In Figure 6A -G cells identified as photoreceptors are shown aligned at the periph-4-6). Initially, the tissue-like mass grew attached to the beads but as the size increased the cells separated from ery of tissue aggregates. In the HRB, both neurons that resemble rod and cone photoreceptors and well-devel-the beads while continuing to grow into a tissue-like structure. Figure 4A shows an aggregate of cells in a oped structures that resemble rod and cone outer segments are seen as well. Figure 6A shows a photoreceptor large tissue mass (arrows). As these aggregates grew, the beads appeared to be ejected (Fig. 4B , C, arrow-with a rudimentary outer segment while Figure 6B illustrates photoreceptors emerging from a tissue mass in the head). Figure 4D shows tissue growing without beads. In four separate experiments, separation of cells and the process of developing an outer segment (arrowheads) and fully developed outer segments (arrows). Further indica-onset of possible layering was seen. Cells with the phenotype of rods and cones were always at the periphery tions of the formation of photoreceptors include the formation of connecting cilium-like structures (Fig. 6C ), of the beads projecting from the cellular aggregates (Fig.  5C ). These cells appeared to have rudimentary outer together with cells with a rod-like ( Fig. 6D ) and cone- like (Fig. 6E , F) phenotype. Figure 7A and B illustrates like fibers of uniform size. The fibrils were smaller than neuritic processes and were usually seen at the point of neurons with extensive axonal processes extending the length of a whole bead (arrows). These cells possibly attachment of cells to beads (arrowheads in Fig. 8C ). Very few cells showed differentiated neuritic-like pro-may be ganglions (large cell body and multiple processes). Figure 7C shows a possible bipolar cell (arrow-cesses. head) synapsing on a cone photoreceptor (arrow). In Figure 7D , possible ganglions with a large cell body and multiple processes are shown. The cell in Figure 7E re-Conditioned medium from RPE cells enhanced the neuronal phenotype in retinal cells grown in monolayer sembles an amacrine cell. A group of photoreceptor-like cells aligned at the periphery of tissue-like structures is culture (15), and when retinal RPE cells were cocultured in the HRB, some layering was seen. Frequently, cells seen in Figure 7F (arrows) .
Characterization of Retinal Cells Cocultured With RPE
The stirrer culture resembled the HRB culture in the sorted out into different layers, and occasionally cells that resembled Muller cells were observed (Fig. 9C ). In formation of large bead aggregates and the formation of tissue-like masses, but no differentiated neuronal struc-coculture, an enhanced photoreceptor phenotype was noted. When retinal cells were cocultured with RPE, tures could be seen in the aggregates; instead, mostly precursor cells were observed ( Fig. 8A-C) . Figure 8 mixing of neuronal and RPE cells was initially seen (Fig. 9A ). Occasionally beads showed either neurons or represents the high-density stirrer culture (control) corresponding to the large tissue masses seen (Figs. 6-7 in RPE cells, suggesting that the cells had sorted out. cates a bead covered mostly by neurons with neuritic analysis. Figure 11A depicts opsin expression. Figure  11B-1 shows expression of neuron-specific enolase in processes, possibly photoreceptors. Figure 9D shows mostly neurons. Figure 9C shows sorted RPE cells that retinal cells cultured alone or cocultured with RPE in the bioreactor. Tyrosine hydroxylase, a rate-limiting en-are very rounded (arrows). The arrowhead shows a large Muller cell traversing the whole bead with branching zyme in catecholamine synthesis, was not expressed in monolayer cultures but upregulated in cells grown in the end feet.
bioreactor, specifically on day 5 (Fig. 11B-2 ). Tyrosine Immunophenotyping hydroxylase levels were upregulated in a transient man-Retinal cells grown in the bioreactor alone or bener on day 5 and dropped considerably by day 10. D 4 tween beads as tissue masses stained positively for the receptor expressed in photoreceptors was significantly neuronal marker NSE enolase, as is the case with monoupregulated in retinal and RPE cells cocultured in the layer-grown cells (11,12). Cells resembling photorecepbioreactor ( Fig. 11B-5 ). Calbindin, a protein expressed tors were positive for ID4, an antibody against rhodopin cone bipolars, was slightly upregulated in retinal cells sin. This was confirmed by Western blotting (Fig. 11A) .
grown in the bioreactor with increasing days of culture All cells were positive for NSE ( Fig. 10A, B ). In Figure  (Fig. 11B-4 ). PKC-α was also slightly upregulated in 10E, a photoreceptor labeled with another opsin antithe bioreactor (Fig. 11 B-3) . Protein PKC-α has been body, A2B5, is shown (provided by Dr. Hargrave, note implicated in phototransduction, synaptic plasticity, and polarized labeling for opsin). Figure 10C and D depicts in modulating responses of glutamate receptors and docells double labeled for NSE and opsin secondary antipamine release. bodies labeled with rhodamine and fluorescein, respec-DISCUSSION tively.
A variety of experimental protocols are being tested Western Blot Analysis to correct or postpone the degenerative process that occurs in AMD and RP (5, 14, 17, 26, 47, 48) ; of these, tissue To determine the differentiated state of structures generated in the bioreactor, expression of several other transplantation may be a viable approach. Tissues used in transplantation include retinal precursors, immortal-retinal-specific proteins was determined by Western blot other issues would still impact the success of this approach; tissue engineering provides a viable alternative. Success has been achieved in obtaining material for transplantation to the central nervous system, liver, hemopoietic tissue, cartilage, and bone (31) . In the case of neuronal tissues, success of tissue engineering depends on the availability of homogeneous multipotential neural precursors and their ability to differentiate. Also important are the scaffolds or substrates or the tissue culture system used to generate 3D structures, together with their immune acceptance. It is also clear that cellular interactions within multiple cell types generated from precursors and their integration into host tissues are necessary factors for success.
A standard tissue culture system confines cell-to-cell interaction along defined surface areas and allows only 2D interactions. Stirrer cultures, though promoting 3D growth, propel cells into suspension under conditions of high shear (18, 29, 42, 43) . The perfusion gel system promotes growth and interaction of cells, and allows 3D assembly but is hard to evaluate and analyze. Aggregate rotary cultures suffer from problems of diffusion-related necrosis (18, 19, 45) . Horizontally rotating bioreactors, developed by NASA to simulate microgravity, have proven very valuable in the growth of a variety of normal and transformed cell lines. The mechanism by which the HRB induces differentiation and expression of tissue-specific proteins has been postulated to be mediated by the provision of unique cell culture hemodynamics, characterized by 3D growth in low shear environment (16, 29, 45, 54) . When the cultures are initiated in the HRB, the rotation necessary to keep particles suspended has been calculated to expose cells to a shear stress of approximately 0.2 dyn/cm 2 on the surface of 150-µmdiameter microcarrier beads that are covered with an average of 15 cells (29) . The HRB induces shear forces between 0.5 and 1 dyn/cm 2 (2, 16, 18, 29) . This is in contrast with stirrer cultures where shear forces are as high as 2-40 dyn/cm 2 , based on the design of the vessel and rotation speed (16,29); as the beads aggregate, the speed of rotation must be increased to keep the particles sus- lage on polymer scaffolding for prosthetic use (10, 16) , growth of a variety of tumor cells (2, 19) , tissue modeling in bladder cells (43) and salivary glands (19, 34) , and ized cell lines, vibrotome-generated sheets of cells, and photoreceptors isolated from human cadavers (28) .
the coculture of cells as a model for tumor metastasis (19) . This method has been previously used to generate While these strategies hold promise, only limited success has been achieved in some models. Even if all prob-3D cultures of diverse cells from bladder (43), ovarian (2), cancerous and noncancerous (45) , prostate (54) , and lems associated with tissue transplants were resolved, cartilage (10) cells. More recently, pancreatic islet cell ble of generating multiple cell types, monolayer cultures do not allow 3D assembly and cell-to-cell interaction to cultures generated in the HRB are being used in phase III trials in humans (49,50). The vessel also induces the same degree. On the other hand, HRB culturing does appear to favor the differentiation of neural precursors, expression of specific proteins in diverse tissues (49); for example, pancreatic islet cells prepared in the HRB with the generation of unique, 3D neural tissues consisting of primitive proliferating cells on the outside and maintain production and regulation of insulin secretion (49,50). The implantation of pancreatic islets has main-cells immunoreactive for neuronal and glial markers on the inside (36) . In this study, it has been shown that tained normoglycemia for 18 months in diabetic patients (50). Furthermore, glioblastoma cells grown in an HRB human retinal precursor cells can grow in the HRB into large cell masses. Moreover, they retain the capacity for were much more differentiated than similar cells grown in monolayer cultures (36) . Murine PC12 cells produce multidirectional differentiation. The beginning of some layering has also been observed. The system is also organoid structures in the HRB (33) and human colon cultures produce signet cells, which secrete mucin. This amenable to the coculture of different cell types such as RPE and endothelial cells (unpublished data). In this cannot be achieved in monolayer cultures. Kaysen et al. (29) reported alteration in gene expression in the HRB. study, we have shown that retinal cells grown in the HRB express neural cell markers. In this study, we explored the utility of the HRB in the propagation of differentiated retina cells. This appa-
We have shown in this study that retinal cells grown in the bioreactor express several neural cell markers ratus allows 3D aggregation under conditions of low shear and controlled access to O 2 and nutrients. This en-(opsin, PKC-α, calbindin, tyrosine hydroxylase, and D 4 receptor). These cells, in addition to expressing the pho-vironment permits cell-to-cell and cell-to-ECM interactions.
toreceptor marker protein opsin, are expressing several retinal-specific proteins (6,27,37,40,53). Tyrosine hy-Although precursors grown in monolayers are capa- droxylase, a rate-limiting enzyme in catecholamine syn-segments/inner segments and other retinal cell types from a multipotential cell line could prove extremely thesis (27) is not expressed in monolayers but is expressed in HRB cultured cells. Similarly, calbindin, a calcium critical to blinding eye disease. When retinal cells were cocultured with endothelial cells, the beginning of capil-binding protein (37) localized on several retinal cell types including a subset of cone bipolars, is expressed lary formation was observed as early as 48 h (unpublished data). A variety of models are currently being tested in both monolayer and bioreactor cultured cells. PKCα, a protein implicated in phototransduction (53) and
for the feasibility of retinal tissue transplant. Our model offers several attractive features: 1) homogeneous hu-synaptic plasticity, is also expressed in bioreactor cultured cells. Last but not least, D 4 receptor (6, 40) , which man retinal precursors are used; 2) the cells remain multipotential in the HRB; 3) some success in generat-mediates dopamine-coupled cascade of light responses to adenyl cyclase and is localized to photoreceptor layer, ing neurons that appear to be mature photoreceptors has been achieved; 4) the system could prove useful to study is also expressed in the bioreactor culture.
For the first time, photoreceptor-like cells have been neovascularization in diseases such as diabetic retinopathy and AMD. The system is also amenable to the study seen with well-developed outer segment-like structures, and the presence of opsin in these cells has been con-of cell-to-cell interaction seen in retinal development and survival and in the functioning in the adult eye. firmed by immunolabeling and Western blot analysis.
The possibility of developing photoreceptors with outer The model that has been described needs to be tested 
